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ABSTRACT

This paper describes the results of a three-week experiment in which ground-based microwave radiometric
measurements were combined with VHF radar measurements of tropopause height to yield vertical tem-
perature profiles. Several algorithms to derive tropopause height are presented and their results are compared
with radiosondes. The best of the algorithms yields radar versus radiosonde rms differences of ~0.65 km.
By the use of the combined radar-radiometric method, improvements were obtained in rms temperature
accuracy of as much as 2.0 K rms over the pure radiometric technique.

1. Introduction

Research over the past several years shows that
ground-based microwave radiometers can measure
atmospheric temperature profiles from the surface to
~500 mb, under both clear and cloudy conditions
(Yershov et al., 1975; Decker et al., 1978). Above 500
mb, retrievals are limited in accuracy because of ex-

ponentially decaying weighting functions. Recently,

Westwater and Grody (1980) have shown theoreti-
cally that the addition of satellite radiance observa-
tions can substantially improve retrieval accuracy
above 500 mb. In addition, they showed that mea-
surements of tropopause height could further increase
the accuracy of the combined radiometric systems,
by as much as 1.0 K rms.

Using meter-length VHF radar, Gage and Green
(1979) showed that it is possible to detect and to
measure routinely the altitude of the tropopause. Qur
ground-based active-passive profiling system, as de-
scribed by Hogg et al. (1980), contains a radar similar
to that of Gage and Green and hence is also capable
of tropopause monitoring.’

Here, we present data obtained during a three week
period in March 1980, in which radar measurements
of tropopause height, ground-based microwave ra-
diometric measurements, and radiosonde observa-
tions are available simultaneously. Our analysis of
these data will 1) confirm that the radar can measure
tropopause height and 2) demonstrate that radio-
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metric retrieval accuracy can be significantly im-
proved using the radar data.

2. The radiometric and radar equipment

The microwave radiometer and the VHF radar
used in this study to jointly measure temperature
profiles are parts of the NOAA Environmental Re-
search Laboratories Profiler system designed to mea-
sure profiles of wind, temperature and moisture
(Hogg et al., 1980).

The six-channel microwave radiometer is colo-
cated with the National Weather Service (NWS) ra-
diosonde release facility at Stapleton International
Airport, Denver, Colorado. The radiometer has chan-
nels at 20.6 and 31.65 GHz that are sensitive to water
vapor and clouds, and four channels between 52 and
59 GHz in the oxygen absorption complex that sense
atmospheric temperatures. All channels have equal
antenna beamwidths of approximately 2.5° and ob-
serve radiation from the zenith, Adverse effects of
precipitation are minimized by locating the antennas
inside a building and pointing them horizontally
through a low-loss window to a flat reflector aligned
at 45° to the zenith. A cowling shields the window
from rain.

Two-minute averages of the zenith radiation are
recorded for further analysis. Although the Profiler
operationally retrieves profiles every twenty minutes,
in this paper we have used averages over one hour,
which were chosen to correspond approximately with

‘the time required for a radiosonde balloon to make

a complete ascent.



JANUARY 1983 E. R. WESTWATER, M. T. DECKER, A. ZACHS AND K. S. GAGE

TABLE 1. Platteville radar system parameters.

Type VHF, pulse-Doppler
Location 50 km north of Denver, CO
Antenna:

type Array of phased dipoles

area 10* m?

beamwidth ~2° (two way)
Transmitter:

frequency 49.92 MHz

peak power ~15 kW

pulse repetition frequency 625 Hz

pulse width 16 us

range gate spacing 8 us
Receiver:

noise level ~3dB

coherent integration 64 pulses

The VHF radar is located at the Platteville (Col-
orado) Radar Facility, located ~ 50 km north of Den-
ver, and is operated jointly by the NOAA/Aeronomy
Laboratory and the NOAA/Wave Propagation Lab-
oratory. Although the primary purpose of the radar
is to measure horizontal winds, during the month of
March 1981 the radar was operated in the vertical
sounding mode. Pertinent system parameters of this
radar are listed in Table 1.

Power spectra were averaged for one minute before
further processing. The noise level was then estimated
and subtracted, following the method of Hildebrand
and Sekhon (1974). The power density of the adjusted
spectra was then integrated for a return power value.
The range-gate spacing was set at 1.2 km, i.e., at one-
half of the pulse width.

3. Radar identification of tropopause heights

The analysis of Gage and Green (1979), using the
Sunset, Colorado radar showed that VHF radar sys-
tems are capable of routinely monitoring tropopause
heights. Their subjective height determination was
based on an examination of 1) backscattered power,
which increased above the tropopause, 2) spectral
width, which was smaller above the tropopause, and
3) anisotropy (enhancement of the backscattered
power in echoes obtained at vertical incidence relative
to that obtained at oblique incidence), which is
greater above the tropopause. Here, we discuss and
compare two objective algorithms for tropopause
height determination.

a. Algorithms

The first class of algorithms developed for the Pro-
filer system applies time series statistical tests to the
reflectivity profiles recorded by the radar system. The
identification of the tropopause is then derived by
application of various threshold criteria as described
below.
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The Profiler operationally retrieves temperature
profiles every 20 minutes; hence, the basic analysis
interval for the radar also was chosen to be 20 min-
utes. Intensity records of return power were converted
into a reflectivity (cross-section per unit volume) data
array of time series records. In the time domain, each
point represented a 1-min average, and in the vertical
spatial domain, each point represented a 1.2 km
range-gate sample. The range cells varied in height
from 3.4 to 25.0 km. From the reflectivity array, two
statistical quantities were calculated. The first of these
quantities, the temporal variance V(h;) at height 4,
is given by

Ny
V(h) = N, — 1y Z [R@, b)) = R(A)P, (1)
i=1

where

N,

R(hj) = Nt—] 2 R(t;, hj)- )
i=1

In (1) and (2), R(#;, h;) is the radar reflectivity at the
height cell centered at /; at the time ¢;, and N, is the
number of time samples in the analysis interval. The
second quantity we use is a scaled correlation func-
tion

+3
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R@) = Na E R(tx, hy). (5)

In (3), (4) and (5), Ny is the number of range cells
and, by trial and error, we arrived at the 3-min time
interval over which the covariances at 1-min lag were
added. Because of the slow data rate of the radar
(~1 Hz) relative to the rapidly changing (1-10 s)
structural features of the turbulent medium (Rottger
and Vincent, 1978), and because of some features of
data processing, different records represent different
circumstances. Hence, we “normalized” the cross-
correlation function by dividing R(#, 4;) by the av-
erage standard deviation o(z;) of the range cells.
From the quantities in (1)-(5), we determined three
different tests for tropopause height: the first was
based on a straightforward examination of the aver-
age reflectivity profile. We chose the tropopause
height /.., as the first high-altitude range cell for
which the average reflectivity (2) exceeded 10 dB. Call
this the R method. The second test (the V method)
determined /,,, as the first high-altitude range cell
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TABLE 2. Comparison of various methods of tropopause height determination.

Radiosonde Radiosonde rms

Radar average average Radar standard standard radar versus

Sample (km above (km above deviation deviation radiosonde
Method size sea level) sea level) (km) (km) (km)
R 32 11.04 10.86 1.06 1.04 0.72
v 30 11.37 10.86 1.04 1.02 0.85
C 32 11.52 10.93 1.08 1.15 0.94
RC 33 11.10 10.94 1.20 1.13 0.68
RV 32 11.04 10.86 1.06 1.04 0.72
CcvV 33 11.33 10.94 1.14 1.13 0.75
GG 30 11.21 11.03 1.00 1.11 0.65

for which the variance (1) exceeded 9 dB. Finally, the
correlation (C) method determined /4, from a con-
ditional test involving both the peak in the variance
profile and a predetermined threshold of the corre-
lation function (3). After comparing each of these
hyop determinations with the ones obtained from
NWS radiosondes, we determined that each of the
three methods, on the average, overestimated Ay,
(see Table 2). As a simple method of reducing this
overestimation, we examined the use of the mini-
mum of each of the three possible pairs (RC, RV,
CV) as estimators. Of the statistical methods, the RC
method gave the smallest rms error (see Section 3b).

The second algorithm (GG) used in the tropopause
height determination was the objective method of
Gage and Green (1982a). Here, the measured back-
scattered power profile is compared with the power
profile calculated assuming a 2 K km™! lapse rate.
The height at which the two curves cross is an esti-
mate of the tropopause. The use of this method re-
quires a precisely calibrated radar, which the Platte-
ville radar was not. Lack of calibration was circum-
vented here by matching, at tropopause altitudes, a
single, measured reflectivity profile with a radiosonde-
determined profile.

b. Results

During the last three weeks of March 1981, the
Platteville radar was operated in the vertical sounding
mode, and for much of this time, 20 min segments
of data were available for analysis. We compared
these measurements with the twice-a-day NWS ra-
diosonde soundings at Stapleton Airport, Denver,
Colorado, approximately 50 km to the south. Ideally,
one could compare the radar sounding with that of
the radiosonde when the balloon was in the vicinity
of the tropopause. However, because of instances in
which threshold criteria were not met, occasional gaps
occurred in each of the radar determinations of tro-
popause height. To increase our data base for the
comparison of both radar and radiometer data with
radiosondes, we included as many radar measure-
ments as were available from a 2-h interval centered
about the radiosonde release time. Thus, we included

from one to six measurements in each radar tropo-
pause height determination. During the 33 measure-
ment periods in which we were able to compare data,
the radar measurement of tropopause height changed
at most two resolution cells (on one occasion) during
any 2-h analysis interval.

Fig. 1 shows the comparison of radar and radio-
sonde determination of A,,,. The results of two radar
algorithms (RC and GG) generally agree well with
the radiosonde; rms differences are ~0.7 km (see
Table 2). In the three cases for which the radar tro-
popause differed by more than one radar resolution
element from the radiosonde, there were levels on the
temperature profile slightly failing to satisfy the con-
ventional criteria for tropopause height; in two cases,
the region in which the lapse rate fell below 2 K km™*
did not extend 2 km above the first critical level; in
the third, the measured lapse rate was 2.07 K km™'.
On Fig. 1 these special cases, which occurred on day
70 1600 MST, day 71 0400 MST and on day 72 1600
MST, are labeled as pseudo-tropopause levels. Gage
and Green (1979) also observed similar cases in which
the radar responded to levels slightly failing to meet
the conventional tropopause criteria.

4. Combined radar-radiometric temperature retriev-
als

a. Retrieval algorithins

We reconstructed temperature profiles from the
radiometric data and from the combined radiomet-
ric-radar data by using linear statistical estimation
(Westwater and Strand, 1968). Our method of gen-
erating a priori ensembles to represent clear and
cloudy meteorological and radiometric data, from
which retrieval coeflicients are calculated, is described
by Decker et al. (1978). For the pure radiometric
retrievals, we derived coefficients for use in March,
from six years of NWS radiosonde soundings (1972-
77) taken during February, March and April at Den-
ver, Colorado. These coeflicients [c;(h), i = 0, 1, 2,
. . ., 9] are then combined with a nine-component
data vector (d;, i = 1, 2, . . ., 9) to yield the tem-
perature estimate 7(A) at height 4
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FiG. 1. Radar versus radiosonde measurements of tropopause height. RC refers to the re-
flectivity—correlation method and GG refers to the Gage-Green method (see text for details).

9
Th) = colh) + 2 ci(h)d,. G
i=1

The data vector consisted of brightness temperatures
at 52.85, 53.85, 55.45 and 58.8 GHz, optical depths
(derived from brightness temperatures at 20.6 and
31.65 GHz), and surface observations of pressure,
temperature and relative humidity.

The retrieval method of Westwater and Grody
(1980) was used to combine the radar measurement
of tropopause height sz, with the radiometric mea-
surements, and is described below. Initially, a large
collection of profiles is decomposed into subsets
whose members contain tropopause coordinates Py
within a certain pressure interval A,,. For example,
a typical subset might contain profiles whose tropo-
pause pressure is between 200 and 240 mb. For each
of these subsets, statistical retrieval coefficients are
calculated. If we have a radar measurement of /,p,
we first convert it to a pressure Py, using the hydro-
static equation and the unconstrained retrieval. Then,
using Py as a reference level, we use coefficients that
were calculated from the ensemble of profiles whose
tropopause pressure differed at most Ayoy/2 from
Py,. For the work performed here, we choose Ayop
to be 40 mb, a value consistent with the 1.2 km sam-
pling interval of the Platteville radar. The original
ensemble, from which the restricted subsets were se-
lected, contained all NWS radiosonde soundings at
Denver during January-July (1972-77). The sample
sizes of the tropopause classes ranged from a mini-
mum of 178 to a maximum of 1327 profiles.

1

b. Results

For the 18 day period in which the Platteville radar
was operating, we succeeded in obtaining 21 triplets

of radar, radiometric and radiosonde data. The miss-
ing data intervals were caused, for the most part, by
computer failures in the radiometric system. Al-
though the sample size was small, it was deemed suf-
ficiently large to demonstrate the potential of the
technique, although, clearly, a much more extensive
data base is required to thoroughly evaluate the ac-
curacy of the method.

Typical results are shown in Fig. 2, in which both
radiometric and combined radar-radiometric tem-
perature retrievals are compared with the NWS ra-
diosonde sounding. Note that, in addition to the sub-
stantial improvement of the combined retrievals in
the vicinity of the tropopause, some improvement in
retrieval accuracy is also achieved in the lower at-
mosphere. Such nonlocal improvement in accuracy
due to the imposition of local constraints occurs fre-
quently when statistical retrieval methods are used.

It was mentioned in Section 3 that three cases oc-
curred in which the radar tropopause measurement
differed substantially from that of the radiosonde. In
one of these cases, radiometric data also were avail-
able; the corresponding retrieval using the RC method
is shown in Fig. 3a. For this case, the RC determi-
nation was 1.1 km below the radiosonde tropopause.
Note that both the pure radiometric and the com-
bined retrieval are accurate below ~9.8 km, but that
they are degraded above this altitude. This level is
near the height at which the radar measured the
change in temperature gradient that almost satisfied
the tropopause criteria (see Section 3). If the radio-
sonde tropopause measurement is inserted into the
retrieval algorithm, the combined retrieval shown in
Fig. 3b is obtained. It is apparent that considerable
error in this case was introduced by the mis-identi-
fication of the tropopause. We mention that for this
time (day 72, 1600 MST) the GG tropopause deter-
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FI1G. 2. Typical comparisons of temperature profiles, for four different days retrieved from radiometric and from combined radar-
radiometric techniques with NWS radiosondes. Tropopause heights, as determined from the NWS definition, are indicated by horizontal
lines on the appropriate profiles.

mination was 10.3 km, ~0.6 km below the radio- The statistical evaluation of our results is shown
sonde tropopause. The corresponding temperature in Fig. 4. Here, we show the rms differences of the
retrieval (not shown) was almost identical to the pure combined radar-radiometric retrieval (using the RC
radiometric one. method) versus radiosonde, and thé pure radiometric-
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FiG. 3. Examples of temperature retrieval when (a) tropopause measurement is 1.5 km in error,
and (b) tropopause height is known exactly.

retrieval versus the radiosonde. As a baseline value,
we also show the combined case, when the radio-
sonde-measured tropopause is used as an exact mea-
surement (with 40-mb resolution). The near coinci-
dence of the combined retrievals using both the mea-
sured and the exact tropopause height indicates that
the assumed 40-mb resolution was broad enough to
minimize the effect of measurement errors, but was
narrow enough to allow considerable improvement
in accuracy. Note that in the region from 500 to 100
mb, a substantial improvement in accuracy is
achieved; at some levels it is as much as 2°C rms.
This amount of improvement is somewhat larger
than the theoretical error estimates of Westwater and
Grody (1980). Accuracy statistics were also computed
using the GG height determination. As might be ex-
pected, the rms error profile was very close to that of
the RC method shown in Fig. 4.

We also estimated the information content of each
part of the combined system by comparing the rms
retrieval errors of each component with the rms dif-
ferences about the a priori climatological mean. In
Fig. 5 we show the rms difference in temperatures
between the radiosondes and 1) the a priori mean
profile, 2) the a priori mean profile conditional on
the radar measurement of tropopause height, 3) pro-
files retrieved from the radiometric data only, and 4)
the combined radar-radiometric retrievals using the
RC algorithm. The figure shows that use of the tro-
popause height alone as a predictor results in im-

proved retrieval accuracies at all altitudes above 700
mb and the improvement is as much as 2 K in the
tropopause region. The interaction of the radiometric
and the tropopause height information results in a
retrieval accuracy improvement over that of each sep-
arate system from approximately 600 to 200 mb.
Above 200 mb, retrieval accuracy is almost entirely
from the radar information. Finally, the combined
system yields an accuracy that is a substantial im-
provement over climatology at every level we eval-
uated.

5. Discussion

The experimental results presented in Section 4,
show that ground-based radiometric temperature re-
trievals are substantially improved by radar mea-
surements of tropopause height. These results con-
firm earlier theoretical predictions by Westwater and
Grody (1980) that these height measurements can
improve retrieval accuracy over a broad vertical re-
gion not necessarily confined to the immediate vicin-
ity of the tropopause.

In one case in which both radar and radiometric
data were available, the radar was sensitive to sharp
changes in the temperature gradient that came close
to satisfying, but did not completely satisfy, the def-
inition of tropopause height. In this situation, the in-
ferred height was 1.1 km less than the “true” tro-
popause and, as a consequence, the combined radar-
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radiometric retrieval was less accurate than that of
the radiometer alone. However, as shown in Fig. 4,
with the relatively modest 40 mb radar resolution,
the overall effect of height misidentification was not
large. :

The combined radar-radiometric technique might
be improved in several ways. One promising idea was
suggested by Gage and Green (1982b). They pre-
sented a technique for directly determining the tem-

perature gradient above the tropopause from radar

reflectivity measurements. This technique, coupled
with radiometric measurements, could potentially
yield a high-resolution profile retrieval. It is also ex-
pected that the addition of satellite soundings would
substantially improve upper altitude results. The ex-
perimental evaluation of the combined satellite—
ground-based techniques is now under way.

. Itis not at all unreasonable to expect that the radar
resolution could be improved by a factor of 2 to 4.
The result of this improvement on retrieval accuracy
has not been evaluated, but some improvement
would be expected.

Construction of a UHF radar is now nearing com-
pletion at Stapleton Airport, Denver, Colorado, as a
component of the Profiler system (Hogg et al., 1980).
The UHF radar, with its 100-m resolution, will form
the low-altitude complement of the high-altitude,
coarser-resolution radar still operating at Platteville,
Colorado. In particular, the UHF radar should be
able to identify significant features of the temperature
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and a radiometer with exactly known tropopause height.
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FIG. 5. rms comparisons of radiosonde temperatures with pro-
files inferred from: (a) a priori climatology, (b) a priori climatology
plus radar measurements of tropopause height using the RC al-
gorithm, (c) the ground-based radiometer, and (d) the radiometer
and radar combined.

profile below 500 mb, such as the heights of nocturnal
and clevated thermal inversions. As suggested by
Westwater (1978), knowledge of these heights can
significantly improve low-altitude profile retrievals,
a technique that was illustrated here in the case of
tropopause heights. Thus, it seems promising that a
combined ground-based radar-radiometric system
can accurately determine temperature profiles from
the surface to perhaps 100 mb.
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